1. Introduction {#s0005}
===============

In recent decades, outbreaks of emerging and re-emerging diseases caused by infectious viruses such as dengue virus (DENV), ebola virus, influenza virus, severe acute respiratory syndrome coronavirus and West Nile virus pose ongoing threats to global biosecurity. In confronting these infectious diseases that spread well beyond the initial affected regions, their surveillance and control often create serious challenges for public health organizations. Hence, the development of rapid, effective and safe virus detection tools has become a major priority of the global community. Current clinical laboratory virus detection tests based on real-time and multiplex PCR techniques, provide a promising platform for simultaneous nucleic acid amplification and detection of multiple target sequences in a single test ([@bib4], [@bib16]). However, these molecular techniques are incapable of identifying live infectious viral particles since they detect the nucleic acids originating from both infectious and non-infectious viruses. Virus samples usually comprise high viral particle-to-plaque-forming unit or PFU ratio ([@bib8]), which may indicate that the minority of viruses in a given sample is infectious, or the presence of non-infectious viruses with mutated or damaged genomes, or failure of most of the viruses to successfully infect due to the complexity of the infection cycle ([@bib36]). Proof of infectious viral particles is highly important and can only be accomplished by conventional cell culture assays, which is time-consuming and labor-intensive. Clearly, it is essential to develop an effective and simple virus detection tool for the assessment of virulence and identification of infectious viral particles to aid in the control of an epidemic.

The electrochemical impedance spectroscopic (EIS) technique has recently gained popularity in cell-based assays in view of advantages such as high sensitivity, non-invasive measurement, accessibility of time-dependent and quantitative data. Cell-based assays using adherent mammalian cell cultures such as fibroblast and endothelial cells have been utilized in toxicological and virological studies ([@bib25], [@bib18]). Since the first reported application of EIS in cell culture study ([@bib15]), this technique has been widely employed for in vitro monitoring of dynamic responses of cells toward drugs, toxic agents and pathogens ([@bib21], [@bib3], [@bib38]). Principally, the EIS cell-based analytical system involves quantitative monitoring of the spreading, morphology and viability of adhered cell cultures in real-time, by applying a constant alternating current (AC) electric field. Due to the low conductivity of cellular membrane, formation of a confluent cell monolayer on the electrode surface often constricts current flow. The corresponding change in impedance signal response can be continuously monitored to obtain information on cellular growth or coverage on the electrode surface ([@bib9]). Ultrasensitive impedimetric methods have recently reported non-invasive cell-based analyses of viral infections including herpes simplex virus infection of Vero cells ([@bib10]), human cytomegalovirus infection of human fibroblasts ([@bib21]), and bluetongue virus infection of bovine endothelial cells ([@bib11]). The direct, real-time investigation of DENV-induced cytopathogenesis in mammalian fibroblast cells using the EIS cell-based analytical system is first reported in this study.

Mosquito-borne dengue infections are caused by single-stranded RNA-containing DENV which is transmitted by *Aedes* mosquitoes. DENV exists as four antigenically distinct serotypes designated DENV-1, -2, -3 and -4 ([@bib35]). Among the serotypes, secondary infection with DENV-2 has proven to be responsible for the more severe symptoms of dengue fever ([@bib37]). Invasion of host cells by lytic viruses such as DENV will ultimately result in degenerative changes and damage to host cells, known as cytopathic or cytopathogenic effects (CPE). Such effects are generally characterized by degenerative morphological changes, detachment, membrane degradation and eventual death of cells. In general, decreased tight junctions between cells, and increased separation between cells and electrode arising from CPE may lead to decreased impedance signal response. In comparison to conventional inspection methods such as microscopy and plaque assay that rely on observable changes in the morphology and surface coverage of cells, the EIS technique offers a more promising platform for studying virus--host interactions based on the real-time measurement of CPE-induced impedance response ([@bib10]).

Here we report an impedimetric cell-based biosensor constructed from poly-[l]{.smallcaps}-lysine (PLL)-modified screen-printed carbon electrode (SPCE) for real-time monitoring of DENV infection of surface-immobilized baby hamster kidney (BHK-21) fibroblast cells. This in vitro method in which the cell-based biosensor is immersed in the culture medium, detects viral-induced CPE by gradual decrease in the impedance response. The sensitivity of the biosensing system is enhanced using SPCE, which constricts the current to flow within a small area of working electrode ([@bib5], [@bib1]). Furthermore, adherence of a cationic polymeric film (PLL) onto SPCE significantly improves the attachment and spreading of cells ([@bib22], [@bib27], [@bib14], [@bib6], [@bib20], [@bib31]). The excellent performance in terms of rapid detection time, automated analysis, high sensitivity and capability of indirectly identifying infectious viral particles are some desirable features of this impedimetric cell-based approach in real-time biosensing.

2. Materials and methods {#s0010}
========================

2.1. Reagents and materials {#s0015}
---------------------------

SPCE, carbon working electrode, silver pseudo-reference electrode, and platinum auxiliary electrode on ceramic substrate were purchased from DropSens. PLL (MW 70,000--150,000 at 0.01% w/v) and potassium hexacyanoferrate (III) (K~3~Fe(CN)~6~, \~99%) were purchased from Sigma-Aldrich. Fetal bovine serum (FBS), and Dulbecco\'s phosphate-buffered saline (DPBS) without calcium and magnesium were obtained from Biowest. Trypsin--EDTA (10×) and penicillin--streptomycin (100×) were obtained from PAA Laboratories. RPMI-1640 medium was purchased from Thermo Scientific Hyclone. Avicel RC-591 (1.2% solid) was purchased from FMC BioPolymer.

2.2. Fabrication of PLL-modified SPCE {#s0020}
-------------------------------------

10 μL of 0.01% (w/v) sterile-filtered aqueous solution of PLL was applied onto the carbon electrode surface (with an area of 12.6 mm^2^) and the tip of pipette was used to spread the solution evenly over the entire electrode surface. The electrode was inverted and placed in a drying oven at 80 °C for at least 5 min to ensure the transformation of PLL film into the stable β-sheet configuration, and adherence of PLL (at a thickness of 1.05 nm) to the electrode surface ([@bib19]). Excess PLL solution was aspirated, and the electrode surface was thoroughly rinsed with sterile ultrapure water. The PLL-modified SPCE was characterized using cyclic voltammetry (CV) in the presence of 1.0 mM Fe(CN)~6~ ^3−/4−^ in 1× PBS, pH 7.4 at a scan rate of 100 mV s^−1^ and potential range from −0.8 to 0.8 V.

2.3. Culturing and maintenance of BHK-21 cells {#s0025}
----------------------------------------------

BHK-21 cells (American Type Culture Collection) were cultured in a T25 tissue culture flask containing 3 mL of growth medium (RPMI-1640 medium supplemented with 10% FBS and 1×penicillin--streptomycin solution). Cells were grown in a humidified incubator at 37 °C with 5% CO~2~. When the cells were 80--90% confluent (after 1--2 days), growth medium was removed from the flask. Cells were washed once with 5 mL of 1×DPBS, 3 mL of 1×trypsin--EDTA was added, and incubated at 37 °C with 5% CO~2~ for 5 min until cells detached. The detached cells were flushed, trypsin--EDTA was removed, the cells were subsequently resuspended in 2 mL of growth medium, and centrifuged at 6000 rpm for 1 min. The supernatant was discarded, and the cell pellet was resuspended in 3 mL of growth medium. BHK-21 cells were propagated at a sub-cultivation ratio of 1:2.

2.4. Preparation of DENV stocks {#s0030}
-------------------------------

DENV-2 New Guinea C (NGC) strain and four clinical isolates each of DENV serotypes 1, 2, 3 and 4 were propagated in BHK-21 cells supplemented with maintenance medium (RPMI-1640 supplemented with 5% FBS, 1×penicillin--streptomycin). Virus at multiplicity of infection (MOI) of 0.1 was inoculated, and the tissue culture infectious fluid (TCIF) was harvested 4--5 days upon the observation of CPE. MOI represents the ratio of the number of infectious agents (viruses) to the number of infection targets (cells) adsorbed on the electrode surface. Uninfected cells served as the control. TCIF was subsequently centrifuged at 6000 rpm for 1 min. The supernatant containing viruses was collected and diluted with RPMI-1640 to achieve the desired MOI for viral infection monitoring experiments. Plaque assay using Avicel (1.2%) and crystal violet staining was performed to determine the virus titer expressed as PFU mL^−1^.

2.5. Construction of cell-based biosensor and monitoring of DENV-2 infection {#s0035}
----------------------------------------------------------------------------

The experimental set-up consists of a CHI 750D potentiostat-galvanostat (CH Instruments) with data acquisition software, and a sterilized polypropylene vessel integrated with a PLL-modified SPCE ( [Fig. 1](#f0005){ref-type="fig"}). Total cell count was ascertained using TC10 Automated Cell Counter (Bio-Rad). Cell suspension with viable cell count of \>95% was harvested to obtain a cell concentration of 5×10^5^  cells mL^−1^. BHK-21 cells (in 50 μL) were seeded on the PLL-coated carbon electrode surface, and allowed to attach and spread on the electrode surface for approximately 2 h. Thereafter, 10 mL of growth medium was gently added to the vessel. Cells were allowed to proliferate in an incubator at 37 °C with 5% CO~2~ for 18 h. Subsequently, 500 μL of DENV-2 stock solution was added and mixed gently with cell medium. BHK-21 cells infected with DENV-2 at different MOI were incubated at 37 °C and 5% CO~2~ for another 5 days. Proper sterilization of all apparatus and preparatory work were carried out in an antiseptic environment. The impedimetric properties of cell monolayers before and after viral infection were monitored at 37 °C using the EIS technique. Electrochemical impedance spectra were recorded at open circuit potential, frequency of 4 kHz, and excitation amplitude of 10 mV.Fig. 1Experimental set-up comprising a sterilized polypropylene vessel integrated with a poly-[l]{.smallcaps}-lysine (PLL)-modified screen-printed carbon electrode (SPCE), carbon working electrode (WE), silver pseudo-reference electrode (RE), and platinum auxiliary electrode (AE).

2.6. RNA isolation, reverse transcription (RT), polymerase chain reaction (PCR), and analysis of RT-PCR products of clinical isolates of dengue viruses {#s0040}
-------------------------------------------------------------------------------------------------------------------------------------------------------

The Qiagen RNeasy Kit was employed to isolate total cytoplasmic RNA from TCIF collected from each DENV serotype (at MOI of 0.1) propagated in BHK-21 cells cultured with RPMI-1640 medium supplemented with 5% FBS, and incubated at 37 °C with 5% CO~2~ for 5 days. Synthesis of cDNA (RT) was carried out using 200 ng of RNA, 200 U of Moloney Murine Leukemia Virus (M-MLV) reverse transcriptase (Promega), 10 U of RNase inhibitor, 2 mM of dNTPs, and 0.2 µM each of four downstream primers DSP 1, 2, 3, and 4, and subjected to 42 °C for 20 min. PCR was carried out using 100 ng of each cDNA and 0.2 µM each of primers, DSP 1, 2, 3, 4, and DV 1. The PCR cycles consisted of an initial denaturation at 95 °C for 5 min, followed by 35 cycles each of denaturation at 95 °C for 30 s, annealing at 50 °C for 30 s, extension at 72 °C for 30 s, and a final extension at 72 °C for 5 min ([@bib28]). PCR products (10 µl each) were electrophoresed for 1 h in 1% agarose gels (in 1×TBE) containing SYBR Safe DNA gel stain (Life Technologies). Images were obtained using the ChemiDoc MP system (Bio-Rad). The specific PCR products corresponding to DENV serotypes 1, 2, 3, and 4 were excised and subjected to cycle DNA sequencing using BigDye Terminator Cycle Sequencing kit v3.1 and 3130xL Genetic Analyzer (Applied Biosystems).

3. Results and discussion {#s0045}
=========================

3.1. Cyclic voltammetric characterization of PLL-modified SPCE {#s0050}
--------------------------------------------------------------

Initially, we added cells to the bare SPCE and observed that the impedance signals were negligible and fluctuating between experiments compared with the baseline signals from the bare SPCE without cells added. The former signals remained unintelligible even when cells on the bare SPCE were infected with DENV (data not shown). These findings alluded to poor attachment of cells to the bare SPCE, which led us to modify the electrode by coating it with PLL to facilitate cell attachment.

The carbon working electrode surface of SPCE was modified with a cationic polymeric film (PLL) using a similar method described previously ([@bib2]). The configuration of PLL in solution changes from random coil to α-helix at about pH 10. Subsequent heating to 80 °C promotes the transformation of the PLL film into the β-sheet configuration, which is believed to comprise chains that are partially cross-linked by hydrogen bonding. The cyclic voltammograms of the PLL-modified SPCE obtained in the presence of 1.0 mM Fe(CN)~6~ ^3−/4−^ in 1×PBS, pH 7.4 ( [Fig. 2](#f0010){ref-type="fig"}(A)) indicated fairly constant CV peak current responses for 100 repetitive potential cycles with RSD values of 5.71% and 2.90% for anodic and cathodic peak currents, respectively. This excellent stability of current response reflected strong adherence of the PLL film to the carbon working electrode surface. In comparison to other electrode surfaces such as platinum and glassy carbon, PLL has been shown to be more resilient and strongly adhered onto the rough surface of screen-printed carbon ([@bib13]). The contrasting behavior of a bare SPCE and a SPCE modified with 0.01% (w/v) PLL toward the redox couple Fe(CN)~6~ ^3−/4−^ is shown in [Fig. 2](#f0010){ref-type="fig"}(B). The cyclic voltammograms of the PLL-modified SPCE exhibited a more reversible current response. Coating of electrode surface with a layer of cationic polymer PLL reduces the electrode overpotential and facilitates the redox reaction of anionic redox probes such as Fe(CN)~6~ ^3−/4−^ at the electrode surface. This enhanced anionic exchange capability of the cationic polymer-modified electrode is indicated by a 60.65% increase in CV peak current response compared to a bare electrode ([Fig. 2](#f0010){ref-type="fig"}(B)).Fig. 2(A) Repetitive potential cycling of a SPCE modified with 0.01% (w/v) PLL. (B) Comparison of the cyclic voltammetric current response between a bare SPCE (**---**) and a PLL-modified SPCE (**\-\-- \-\-- \-\--**). Conditions: scan rate=100 mV s^−1^; potential range=−0.8 to 0.8 V; analysis solution containing 1.0 mM Fe(CN)~6~^3−/4−^ in 1×PBS, pH 7.4.

Electrode surface coating methods such as gelatin coating ([@bib5]) and equilibration with culture medium ([@bib23], [@bib24]) are commonly employed to promote the attachment and spreading of cells on the electrode surface. Despite their good biocompatibility, the utility of these methods is limited by the instability, weak adherence to the electrode surface, and poor cell capture capability. In this study, the positively charged PLL coating was adopted owing to its excellent cell capture capability and strong adherence to carbon electrode surface. Various studies have documented that adherent cell lines such as fibroblast and endothelial cells possess an overall negative surface charge, which facilitates their adhesion to positively charged surface ([@bib32], [@bib30], [@bib17]). This negative surface charge may be attributed to the carboxylic groups of aspartic and glutamic acid (p*K*a=3.9--4.2) of proteins, carboxylic groups of sialic acid (p*K*a=2.8) of glycoproteins, phosphate groups (p*K*a=2.0), and sulfate groups (p*K*a=1.9) of sulphated proteoglycans or glycoproteins ([@bib30]). Another explanation is that their extracellular matrix is rich in negatively charged glucosaminoglycans ([@bib32]), thus suggesting that the observed cell adhesion behavior is mainly electrostatic in nature. The enhanced cationic properties of PLL-modified carbon electrode are therefore responsible for the strong adhesion of BHK-21 cells.

3.2. Real-time impedimetric monitoring of DENV infection {#s0055}
--------------------------------------------------------

In this study, the virus--host interactions between DENV and BHK-21 cells were investigated by the EIS technique. BHK-21 cells constitute a type of adherent fibroblast cells, derived by single-cell isolation from the kidneys of five Syrian golden hamsters, *Mesocricetus auratus* ([@bib33]). This cell line is susceptible to infection by DENV, vesicular stomatitis virus, reovirus, and human adenovirus. The Bode diagram shown in [Fig. 3](#f0015){ref-type="fig"}(A) was generated from EIS spectra recorded at a frequency ranging from 100 Hz to 1 MHz. In the absence of electron mediator or redox probe, the electrode impedance of cells is limited by stray capacitance at high frequency and electrode polarization at low frequency. Moderate frequency (1--10 kHz) is well-suited for probing the cellular morphological changes induced by viral infection or cytotoxicants ([@bib23], [@bib5], [@bib10]). The intermediate frequency at which the impedance signal was most affected by the change in cellular morphology was \~4 kHz ([Fig. 3](#f0015){ref-type="fig"}(A)), where the impedance signals measured between cells prior to virus inoculation and during day 5 of viral infection (at MOI=5) were considerably different from each other. Thus, the EIS data recorded at 4 kHz appear to provide meaningful results which may correlate with the morphological dynamics of cells and the kinetics of DENV-induced cytopathogenesis. This finding was further extended to the infection monitoring experiments where the impedance readings of cell adhesion and subsequent DENV infection were monitored at 4 kHz every 30 min up to 160 h.Fig. 3(A) EIS Bode diagram recorded in a frequency range of 100 Hz to 1 MHz shows the impedance signal response of the BHK-21 cell-based biosensor measured prior to infection (•), and during day 5 of infection (♦) with DENV-2 (NGC strain) at MOI=5. (B) BHK-21 cell-based biosensor impedance signal as a function of DENV-2 NGC infection time at different MOI (0, 0.1, 1, 5, 10). Impedance signal response in the presence of virus (*Z*~virus~) was normalized against the impedance signal response derived from the same biosensor in the absence of virus at 0 hpi (*Z*~virus~=0). EIS data were recorded at open circuit potential, frequency of 4 kHz, and excitation amplitude of 10 mV. Vertical lines for each MOI indicate the onset of CPE. (C) Plot of CIT~50~ against the logarithm of virus titer (MOI). CIT~50~ refers to the time taken for 50% reduction in cell impedance.

Due to the variation of the coating of cells on the electrode surface, the impedance signals of four different cell-based biosensors at 25 hours post-infection (hpi) varied between 355.4 Ω and 508.5 Ω with a RSD of 16.5%. Normalization of the impedance signal response in the presence of virus (*Z* ~virus~) against the response derived from the same biosensor in the absence of virus at 0 hpi (*Z* ~virus~=0) yielded a relatively low RSD of 4.6%. Normalization of the impedance signal against the blank signal enhances the reproducibility, precision of results, and avoids the need to calibrate each individual biosensor.

The DENV infection process involves several stages: attachment of viral envelope glycoprotein to cellular receptors such as dendritic cell-specific ICAM-3 grabbing nonintegrin (DC-SIGN), heparin sulfate or cell surface immunoglobulin ([@bib7], [@bib34]). After fusion with the plasma membrane, viruses are enveloped in an acidified endocytic vesicle known as endosome, and subsequently release RNA into cytoplasm. Virus replication would eventually trigger membrane degradation and release viral progeny into the extracellular environment. In general, viral invasion of host cells induces a series of intra- and inter-cellular remodeling processes, which ultimately lead to changes in tight junctions between cells, and the distance between cells and electrode.

[Fig. 3](#f0015){ref-type="fig"}(B) shows the normalized impedance signal response as a function of viral infection time at different MOI. This plot reveals information on the attachment and growth of cells on the electrode surface, morphological dynamics of cells, and kinetics of viral-induced cytopathogenesis. Due to the low conductivity of cell membranes, the flow of moderate frequency current at the cell-electrode or cell-cell interface is sensitively influenced by nanometer changes in the adhesion regions or tight junctions between cells ([@bib9]). Thus, a gradual increase in the electrode impedance observed during cell culture indicates that cells are actively propagating and densely populating onto the PLL-modified carbon electrode surface. Impedance signal keeps on increasing after virus inoculation as cells continue to grow until cytopathogenesis induces a series of cellular remodeling processes that influence the morphology and adhesion of cells on the electrode surface. Viral-induced cytopathogenesis often results in severe morphological and physical changes, detachment of cells from surface, and eventual cell death ([@bib5]). In [Fig. 3](#f0015){ref-type="fig"}(B), fluctuation of the normalized impedance signal signifies the onset of CPE induced by DENV-2 NGC strain, followed by a drastic reduction in impedance signal response, which could be detected as early as \~30 hpi at MOI of 10. Moreover, after the observed CPE, the normalized impedance signal of the cell-based biosensor declined by 50% at \~69 hpi. Technically, this particular time taken for 50% reduction in the cell impedance response is termed CIT~50,~ a kinetic parameter typically used to characterize the viral-induced cytopathic events ([@bib12]). To further characterize the viral-induced cytopathogenesis, CIT~50~ was regressed as a function of virus titer in the logarithm of MOI. [Fig. 3](#f0015){ref-type="fig"}(C) displays an inverse linear relationship between virus titers and CIT~50~ values (*R* ^2^=0.955). The resultant regression indicates that CIT~50~ was delayed by 31.5 h for each order of magnitude decrease in MOI. Therefore, the dependence of the CPE-induced impedance signal response on the viral infectious dose permits the estimation of virus titers of viral samples based on the measured impedance signals.

3.3. Control and kinetics experiments {#s0060}
-------------------------------------

Several control experiments were carried out to assess the performance of impedimetric cell-based biosensor for the investigation of virus--host interactions. A control experiment using BHK-21 cells in the absence of DENV (represented by the black line in [Fig. 3](#f0015){ref-type="fig"}(B) produced a gradual increment in impedance signal with time. Clearly, BHK-21 cells cultured in growth medium remain viable and actively propagate on the electrode surface. The normalized impedance signal reaches its maximum after \~5 days of incubation with growth medium where the electrode surface is fully covered with cells. Another control experiment using a PLL-modified SPCE immersed in growth medium in the absence of BHK-21 cells and DENV gave a fairly constant impedance signal over a period of 6 days (data not shown). [Fig. 4](#f0020){ref-type="fig"} shows the control experiments using different host cells infected with DENV-2 NGC strain at MOI of 5. In the control using biosensor prepared with Vero cells, a commonly used mammalian cell line, the electrode impedance increased initially as the Vero cells grew and reached a plateau from days 3 to 6. Another control using the C6/36 *Aedes albopictus* mosquito cell line produced a fairly constant impedance signal from days 0 to 5, thus revealing poor attachment and spreading of C6/36 cells on the PLL-modified carbon electrode surface. In summary, DENV-induced CPE could not be observed with Vero and C6/36 cell lines even at a relatively high MOI of 5. This suggests that the impedance response is specific to BHK-21 cells and may not relevant to other cell lines. In summary, decrease in impedance signal could only be detected with the occurrence of DENV-induced cytopathogenesis of the BHK-21 fibroblast cell line.Fig. 4Control experiments to compare biosensor impedance signal responses of Vero (\-\-- \-\-- \-\--), BHK-21 (**---**), and C6/36 (•••) cells toward DENV-2 NGC infection. EIS data were recorded at open circuit potential, frequency of 4 kHz, and excitation amplitude of 10 mV. Conditions: infection with DENV-2 (NGC strain); MOI=5; growth medium constitutes the background electrolyte.

For comparison, DENV-2 NGC-infected BHK-21 cells seeded in a PLL-coated culture flask were observed for CPE using an EVOS FL digital fluorescence microscope (Life Technologies). Microscopic images were taken using a Sony high-sensitivity monochromatic CCD camera, with contrast and brightness adjusted to improve the quality of images. Uninfected BHK-21 cells served as control. Microscopic imaging of BHK-21 cells after 5 days of infection with DENV-2 NGC strain at MOI of 1 displayed typical CPE including considerable changes in cellular morphology. Detachment of cells from the surface was indicated by the presence of many empty spaces and rounded cells instead of the original completely confluent monolayer of spindle-shaped cells as depicted in [Fig. 5](#f0025){ref-type="fig"}(A). On the other hand, the monolayer of densely populated uninfected BHK-21 cells remained virtually intact after 5 days of incubation with growth medium ([Fig. 5](#f0025){ref-type="fig"}(B)).Fig. 5Microscopic images of (A) BHK-21 cells after 5 days of infection with DENV-2 NGC at MOI=1, and (B) control uninfected BHK-21 cells after 5 days of incubation with growth medium. Scale bar=100 µm.

To study the kinetics of CPE of BHK-21 cells infected with DENV-2 NGC at MOI of 1 and 10, monitoring by conventional microscopy was performed at 1, 6, 18, 24, 30, 42, 48, 54, 67, 72, 78, 90, 96, 102, 144 and 174 hpi. BHK-21 cells mock-infected with heat-inactivated DENV-2 NGC at "MOI" of 10, and BHK-21 cells treated with DENV-2 NGC viral RNA served as additional controls. As expected, no CPE was observed for both negative controls up to 174 hpi. However, the earliest distinct microscopic evidence of CPE was observed at 72 and 102 hpi for MOI of 10 and 1, respectively ([Supp. Fig](#s0080){ref-type="sec"}.).

In direct comparison to the optical method, the more sensitive cell biosensor could "sense" CPE much earlier as reflected by the drastic reduction in impedance signal response at \~30 and \~60 hpi for MOI of 10 and 1, respectively.

3.4. Analysis of clinical DENV isolates {#s0065}
---------------------------------------

The potential application of cell-based biosensor in analyzing clinical isolates was examined against four different dengue serotypes, DENV-1, -2, -3, and -4. These viruses were isolated from the respective DENV-infected patients. The four clinical DENV isolates were verified to be DENV-1, -2, -3, and -4 strains by RT-PCR and cycle sequencing of amplified products ([@bib28]), and their sequences deposited in the GenBank database under accession numbers KM586232, KM979356, KP119840. [Fig. 6](#f0030){ref-type="fig"}(A) shows agarose gel electrophoresis of the RT-PCR products of DENV-1, -2, -3, and -4. Their nucleotide sequences exhibit high identities to isolates RR121 (92%), 1046DN/1976 (97%), TB16 (97%), and 475A (99%), respectively. Infection of BHK-21 cells with the four clinical isolates of DENV was monitored by using the procedures described for the NGC strain. [Fig. 6](#f0030){ref-type="fig"}(B) displays similar CPE-induced impedance signals for the four clinical isolates (at MOI of 5). Slight variation in CPE detection time may possibly be attributed to the varying degrees of CPE induced by these clinical DENV strains. In summary, CPE induced by the four clinical isolates of DENV could be detected within 1--2 days post-infection. The performance of this impedimetric cell-based biosensor underscores its utility for the analysis of clinical DENV isolates. Future studies are warranted to evaluate this biosensor for the analysis of actual clinical specimens from dengue patients, e.g. blood samples ([@bib29], [@bib26]).Fig. 6(A) Specific typing of clinical DENV isolates by RT-PCR of cytoplasmic RNAs of virus-infected and uninfected BHK-21 cells. Agarose gel electrophoresis of RT-PCR products displaying diagnostic target sizes of 169, 362, 265 and 426 base-pairs (bp) for DENV-1, -2, -3 and -4, respectively, which were absent for Chikungunya virus-infected (CHKV) and uninfected BHK-21 cells (Control), thus showing good specificity. The 100-bp DNA ladder size marker was also included. (B) Normalized impedance signal response as a function of viral infection time for four different DENV serotypes isolated from clinical samples. DENV-2 NGC-infected cells and uninfected control cells were also included. EIS data were recorded at an open circuit potential, frequency of 4 kHz, and excitation amplitude of 10 mV. Vertical lines for each virus indicate the onset of CPE. Conditions: MOI=5, BHK-21 host cells; growth medium constitutes the background electrolyte.

4. Conclusions {#s0070}
==============

In conclusion, an impedimetric cell-based biosensor constructed from PLL-modified SPCE has proven to be useful for real-time monitoring of DENV-induced cytopathogenesis on surface-immobilized fibroblast cells. Based on this platform, CPE reflected by the drastic decrease in impedance signal response could be detected at \~30 hpi at MOI of 10. This impedimetric biosensing system outperforms conventional microscopic inspection that requires 3--5 days of DENV infection to conclusively observe the changes in morphology and surface coverage of cells. Other attractive features of this cell-based biosensor include the possibility of automation, non-invasive measurement, reduced time-frame for the diagnosis of live DENV infection, mediatorless and label-free monitoring procedure, and capability of detecting the presence of infectious dengue viral particles to complement existing diagnostic tests such as RT-PCR and serology. In addition, virus titers of given viral samples can be estimated from the measured impedance signals by analysis of CIT~50~ values. The utility of this impedimetric cell-based biosensor for detecting clinical infectious viral isolates also demonstrates its potential application in the clinical setting.
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